The heat capacity of deuterated ammonium hexachlorotellurate (ND4)2TeC16 was measured at temperatures T from 5 K to 325 K by adiabatic calorimetry. A small anomaly in the curve of heat capacity against temperature was found at T = (89.5_+0.3)K with a maximum Cp, m = 23.84" R, A,rsS ~ = (0.234+0.006)" R. The discovery of this anomaly supports the presence of a rotative displacive transition similar to that involving TeCI~ in the undeuterated salt. In addition, two Z-shaped transitions were discovered at T=(31.4+0.1)K, with a maximum Cp.m = 34.7" R, A,rsS~ = (0.861 __+ 0.007) R, and at T = (47.6 _+ 0.1) K, with a maximum Cp. m --18.6 R, Atrs S ~ = (0.247__+ 0.006)R. Smoothed values of the standard thermodynamic quantities for pure (ND4)zTeC16 are tabulated up to T = 320 K.
I. Introduction
The ammonium hexahalogenated metal salts in the family (NH4)zMX 6 (M, a transition metal or polyvalent ion; and X, a halogen) usually crystallize at room temperature into a cubic antifluorite structure of space group Fm3m or No. 225 Of and are ideal models for studying molecular motion in solids. The NH2 ion, situated at a tetrahedral lattice site, is able to overcome the low barrier to rotation about its a To whom correspondence should be sent.
0021 9614/92/060661 + 12 $02.00/0threefold axis. At room temperature, NH~ experiences classical hindered rotation and, at temperatures T < 40 K, quantum-mechanical tunnelling. Some salts in this family undergo structural phase transitions and change into a phase of lower symmetry as the temperature is lowered. (1) Other salt pairs, e.g. KzSnC16, (2) and (NHg)2SnC16; {2) and KzOsCI6, (3'4) and (NHg)2OsC16, (s) show no evidence of a transition in spite of its presence in the alkali analogue. The (NH4)zPtC16, (6) and (ND4)zPtC16, (7) pair is an example where a structural transition occurs in the deuterated analogue which is absent from the ammoniated salt.
The pair (NH4)zTeC16 and (NDg)2TeC16 is particularly interesting in that experimental results of 35C1 n.q.r, and Raman spectra at low temperatures suggest a structural phase transition near T--85K in both compounds, t8 11) That the deuteration failed to affect this transition indicates that the anomaly is probably not associated with rotational motion of the NH~-. Neutron-diffraction studies confirmed the transition at T= 85 K in (NH4)zTeC16 and showed that the hightemperature cubic Fm3m structure changes to trigonal R3 at T< 85 K. This transition is classified as rotative displacive in which the static rotation angle of the TeC12-octahedral ion shifts by a few times n/180 relative to its orientation in the cubic phase. In addition, a small distortion of the lattice and a slight displacement of the NH2 occur along the 111 direction. Recent adiabatic-calorimetric experiments on (NH4)zTeCI 6 revealed a continuous curve of heat capacity against temperature from T = 5 K to T = 350 K, but with a small anomaly near T = 86 K for which the transitional entropy increment ~68KUt rsA98K~'° amounted to only (0.071+0.028)-R_ = R.ln 1.07. t12) This finding is consistent with the subtle change of the rotative displacive transition.
Whereas (NH4)zTeC16 shows no further transitions at lower temperatures, such is not the case for (NDg)2TeCI 6. Results from 2D n.m.r., 35C1 n.q.r., and Raman spectroscopy suggest additional transitions at T = 45 K and T = 25 K involving the cations.~S,~t) However, no crystallographic studies have yet been reported on the structures involved. In this paper, we report adiabatic heat-capacity measurements on (ND4)zTeC16, which were undertaken to determine the enthalpy and entropy of the transitions.
Experimental
The sample of (ND4)2TeC16 was provided by Professor J. Pelzl of Ruhr Universitfit, Bochum, Federal Republic of Germany. The Guinier-de-Wolff diffraction pattern done on the (ND4)2TeC16 sample when received by us was in agreement with the standard pattern for this compound and (NH¢)zTeCI6: No. 9-392 as de4ermined by the Joint Committee for Powder Diffraction Standards. (a3 15) Its structure was face-centred cubic at room temperature with a=(1.0200_+0.0002)nm, which compares with a = (1.0194 4-0.0002) nm for (NH4)zTeCI6 . (12) The molar heat capacity Cp, m was measured from T= 5 K to T= 325 K by adiabatic calorimetry in the Mark XIII adiabatic cryostat, which is an upgraded version of the Mark II cryostat described previously, t~6) A guard shield was incorporated to surround the adiabatic shield. A Leeds and Northrup capsule-type platinum resistance thermometer (laboratory designation A-5) was used for temperature measurements. The thermometer was calibrated at the U.S. National Bureau of Standards (N.B.S., now NIST) against the IPTS-1948 (as revised in 1960) (17) The heat capacities from about T= 5 K to T= 350 K were acquired with the assistance of a computer, which was programmed for a series of determinations.~22, 23) During the drift periods, both the calorimeter temperature and its first and second derivatives of temperature with respect to time were recorded to establish the equilibrium temperature of the calorimeter before and after the energy input. While the calorimeter was operating, the heater current and potential difference as well as the duration of the heating interval were determined. Also recorded was the apparent heat capacity of the system, which included the calorimeter, heater, thermometer, and sample.
A gold-plated copper calorimeter (laboratory designation W-99) with four internal vertical vanes and a central entrant well for (heater + thermometer) was loaded with (ND4)zTeCI 6. After loading, the calorimeter was evacuated and pumping was continued for several hours to ensure that moisture was no longer present in the sample. After addition of about p = 30 kPa (at T = 300 K) of helium gas to the vessel to facilitate thermal equilibration, it was then sealed by means of an annealed gold gasket tightly pressed on to the stainless-steel knife edge of the calorimeter top with a screw closure about 5 mm in diameter.
Buoyancy corrections were calculated on the basis of a crystallographic density of 2.406 g. cm -3 derived from the unit-cell edge of our sample. The mass of the (NDg)2TeC16 was 6.77675g (~0.0176275mol based on its molar mass of 384.442 g-mol 1 calculated from the 1985 IUPAC recommended relative atomic masses of the elements). (24) The thermal history of the (ND,)zTeC16 is represented by the following linear array. The arrows denote either cooling or heating, which correspond to the acquisition of heat-capacity results. contains a contribution from the )v-shaped transition at T = 31 K causing it to lie off the smooth curve. The reproducibility of our measurements of the enthalpy and entropy changes through these regions is indicated in tables 2 and 3 where the transition enthalpy and entropy increments are listed.
The anomaly centred about T = 90 K is shown in detail in figure 3 , where the continuous curve reaches its greatest divergence from the lattice curve at T = 89. b Error due to the uncertainty in the position of the experimental heat-capacity curve through the peak of the transition.
c Error due to the uncertainty in the position of the lattice heat-capacity curve through the region of the transition. In assessing the enthalpy and entropy changes associated with these two anomalies, the "extra" heat capacity above T = 36.5 K was taken to belong to the upper anomaly in figure 2 , and that below T = 33.5 K was assigned to the lowertemperature anomaly. The heat capacities of (ND4)zTeC16 below T= 6 K were AtrsH~n/(R" K):
11.50 ± 0.04 Atr sS~/R: 0.247 + 0.006 " Error due to the uncertainty in the position of the experimental heat-capacity curve through the peak of the anomaly.
b Error due to the uncertainty in the position of the lattice heat-capacity curve through the region of the anomaly. 
Discussion
The quantity measured calorimetrically is Csat, m, the heat capacity of the solid or liquid in equilibrium with its saturated vapour. (2) where ~ = Vml(OVJ~T)p is the isobaric expansivity, V~ is the molar volume, and The heat capacity of an insulator at very low temperatures can be described by a power series of the form:
in which the parameters a, b, and c are directly related to the corresponding,power series for the frequency spectrum at low frequencies/TM As T-0, the lattice heat capacity of the crystal should become equal to that of an elastic continuum and can be described by the "Debye T 3'' law:
where 6)o c is the Debye temperature derived from heat capacity and L and k are the Avogadro constant and the Boltzmann constant.
A plot of Cp,,n/RT 3 against T 2 shown in figure 4 is also useful for identifying any non-vibrational contributions to the heat capacity at low temperatures. In the region 36 < (T2/K 2) < 400,-the graph of our experimental heat capacities for (ND4)2TeC16 resembles that for argon (29'3°) and suggests that only lattice vibrations make significant contributions to the heat capacity in this temperature range. By extrapolating the points below T 2 = 43 K 2 to intersect the Cp, m/RT 3 axis at T 2 = 0, we found 104.a/R = (3.60-+0.60)K -3 or 104.a = (29.93±5.0)J.K 1.mol 1, which yields from equation (5) OOC=(86.6-+4.3)K. This may be compared with 93.3 K for argon, (29) (83.6_+ 5.9) K for (NH4)2TeC16, (7) 83.7 K for (NH4)2PtC16, (6) and 92.1 K for (ND4)2PtC16 . (7) Neutron-diffraction experiments have yet to be done on (ND4)zTeC16. However, our heat-capacity results described above, together with the n.q.r, and Raman findings reported in reference 11, support the presence of a rotative displacive transition around T = 87 K, similar to that confirmed in the undeuterated salt. For our (ND4)zTeC16, the continuous curve of heat capacity against temperature and low values of molar enthalpy: AtrsH~n = (19.22_+0.04)" R" K, and molar entropy: Z~trsS~n = (0.234_+ 0.006). R, are consistent with a subtle change in orientation of the anions.
The )~-shaped transitions in the heat capacity of (ND4)2TeC16 at T -= 47.6 K and T= 31.4 K occur within the temperature range where anomalies were found respectively in the 35C1 n.q.r, and deuteron spin-lattice relaxation rates. (11) These anomalies are thought to be due to the change in the motion and orientation of the ND~.(8, t l) It is likely that crystallographic studies will confirm the presence of a phase III and phase IV above and below T= 31.4 K, respectively. For the likely structural change at T = 47.6 K, the ldw value of AtrsS ~ -= (0.247 ___ 0.006)" R suggests a subtle change in orientation. However, at T = 31.4 K, the larger value of AtrsS~n = (0.861_+0.007). R may be indicative of a more significant structural change. The crystal structure needs to be determined just above T = 47.6 K, between T = 47.6 K and T = 31.4 K, and below T = 31.4 K.
Note added in proof. The results of neutron-diffraction measurements just published by Kume et al. in Europhysics Letters 1991, 16, 265 show structural changes from tetragonal below T = 31 K to monoclinic up to 48 K to rhombohedral up to 87 K to cubic above 87 K.
